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Abstract: Two-dimensional layered materials are in general known to exhibit strong layer
dependent nonlinear optical response owing to the crystal symmetry and associated phase
matching considerations. Here we report up-conversion of 1550 nm incident light using third-
harmonic generation (THG) in multilayered tin di-selenide (SnSe;) and study its thickness
dependence by simultaneously acquiring spatially-resolved images in the forward and backward
propagation direction. We find good agreement between the experimental measurements and
a coupled-wave equation model we have developed when including the effect of Fabry-Perot
interference between the SnSe; layer and the surrounding medium. We extract the magnitude
of the third order electronic nonlinear optical susceptibility of SnSe,, for the first time to our
knowledge, by comparing its nonlinear response with a glass substrate and find this to be ~1500
times higher than that of glass. We also study the polarization dependence and find good
agreement with the expected angular dependence of nonlinear polarization considering the crystal
symmetry of SnSe;. The large nonlinear optical susceptibility of multi-layer SnSe, makes it a
promising material for studying nonlinear optical effects. This work demonstrates that in addition
to the large inherent nonlinear optical susceptibility, the high refractive index of these materials
and optical absorption above the bandgap strongly influence the overall nonlinear optical response
and its thickness dependence characteristics.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Layered materials such as graphene, transition metal dichalcogenide (TMDC), black phosphorus,
etc. are being considered as potential candidates for realizing ultrathin nonlinear photonic devices
for applications in wavelength up-conversion, wavelength mixing, saturable absorption, optical
limiting etc. [1]. The unique optoelectronic properties of these materials, such as layer tunable
bandgap [2], room temperature excitonic resonances [3,4], layer dependent lattice symmetry [5],
strong nonlinear response [1], and high optical damage threshold with fluence on the order of
50-300 mJ/cm? [6] motivate the study of nonlinear optical processes in these materials. The high
refractive index of TMDC multi-layered material and the associated increased effective optical
path length has been utilized previously for realizing ultrathin linear optical elements, such as
gratings and lenses [7] and also for enhancing Raman scattering [8]. In the context of nonlinear
optics, a direct consequence of the high refractive index of the layered material in comparison to
the surrounding is the strong Fabry-Perot interference effects between the forward and backward
propagating waves at both the excitation and nonlinear emission wavelengths inside the layered
material [9].

In order to characterize the inherent nonlinear optical response from such high refractive
index layered materials, multiphoton microscopy techniques are particularly useful in spatially
resolving the nonlinear signal and correlating this to the layer thickness, crystal symmetry and
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linear optical properties. Harmonic generation microscopy using second, and third-harmonic
generation processes as the contrast mechanism can be used to characterize thickness dependent
nonlinear response, identify defects, grain boundaries, and also determine in-plane crystal
orientation [10]. Second harmonic generation from monolayer and multilayer TMDCs [11-14],
hexagonal Boron nitride (h-BN) [15], Gallium selenide [16] and third harmonic generation from
Molybdenum and Tungsten based TMDCs [17-19], Graphene [20], Rhenium di-sulfide (ReS;)
[21], Tin di-sulphide (SnS;) [22] and black phosphorus [23,24] have been studied in the past. In
this paper, we study third harmonic generation (THG) and quantify the third-order parametric
nonlinear optical effects from multilayer tin di-selenide (SnSe;), a largely unexplored layered
material for photonic applications.

SnSe; crystal is a group IVA-VIA semiconductor with CdI,-type lattice, found predominantly
in 1T phase with hexagonal stacking and P3m1 space group [25,26]. It exhibits an indirect
bandgap of ~ 1.1 eV which is tunable with layer thickness. This band gap results in material
absorption and high refractive index (typically > 3) in the visible and near-infrared wavelength
range (< 1.12 ym) [27, 28]. The linear optical properties have a direct impact on the optoelectronic
applications of SnSe; layered material, for example as standalone [29-31] and heterostructure
[32-34] photodetectors exhibiting strong light absorption. In the context of nonlinear optical
effects, few-layer SnSe, has been used as saturable absorbers for Q-switched pulsed laser at 1 pm
wavelength utilizing intensity dependent two-photon absorption process [35]. We have recently
reported enhanced single- and two-photon photoluminescence from MoS,/SnSe; heterostructures
[36], where absorption in SnSe; coupled with a near resonant energy transfer process to less
absorbing MoS; results in strong photoluminescence from MoS; monolayer. There has also
been previous reports of nonlinear optical studies on ternary chalcogenides of Ge-Sn-Se [37].
Here, we study the thickness dependent directional THG emission from multilayer SnSe; by
simultaneously imaging both forward and backward propagating THG signals. Good agreement
is obtained with a nonlinear coupled-wave propagation model when including the effect of strong
Fabry-Perot interference for both fundamental and THG wavelength, and material absorption at
the THG wavelength. We extract the value of the electronic third-order nonlinear susceptibility
coeflicient by comparing the nonlinear optical response of SnSe, with a glass substrate and
obtain the third order susceptibility to be ~ 1500 times larger than glass. We also investigate the
polarization dependence of THG emission and compare it with the expected angular dependence
of nonlinear polarization considering the known crystal symmetry of SnSe;. The thickness
dependent THG study presented here can potentially aid in determining optimal multi-layer
thickness of SnSe,, taking into account realistic linear optical effects for realizing efficient layered
material based nonlinear photonic devices. This work also emphasizes the importance of the
interplay between the linear (high refractive index and material absorption) and nonlinear optical
effects in determining the overall nonlinear optical response from layered material systems.

2. Experimental studies

The nonlinear optical microscopy set-up used for THG imaging of SnSe, samples is shown in
Fig. 1(a). The third harmonic signal at 516.6 nm emitted both in the forward and backward
(epi) directions (as shown in Fig. 1(b)) are collected simultaneously to form images. An optical
parametric oscillator (Levante IR) pumped by a femtosecond fiber laser at 1040nm (Fidelity HP)
is used as a source of fundamental excitation at 1550 nm wavelength with 200 fsec pulse width and
80MHz repetition rate. The SnSe, sample is mounted on an Olympus IX73 inverted microscope
with the fundamental excitation focused using a 20x/0.75 NA objective, illuminating ~50% of
the back aperture of the objective. The optical resolution at the THG emission wavelength is
estimated to be ~770 nm. A combination of half-wave plate and polarizer has been used to control
the power and the polarization of the incident beam. For the backward configuration, the same
objective lens is used to collect the THG and then separated from the pump using a dichroic mirror.
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The backward THG is then detected using a photomultiplier tube (Hamamatsu R3896) with a set
of bandpass (520 + 20nm) and short-pass (§890nm) filter mounted in front to reject any residual
pump and to minimize any stray light. In the forward configuration, a 0.55 NA condenser is used
to collect the forward THG and then detected using another photomultiplier tube (Hamamatsu
R2658) with a similar set of filters as used in the backward. A pair of galvanometric mirrors
(Thorlabs GVS002) was used to scan the laser beam to obtain two-dimensional third harmonic
images of SnSe, flake.
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Fig. 1. (a) Schematic of the nonlinear microscopy setup used for THG imaging. (b)
Schematic rendering of the third harmonic radiation pattern emitted in both forward and
backward directions from SnSe, layered material on a glass slide. (c) The orientation of
the crystallographic axis (in blue), lab axis (in orange dashed) at an angle ¢ relative to the
crystal axis and the orientation of the incident electric field (in black) at an angle 6 relative
to the lab axis is shown.

Experiments were performed on a SnSe, flake exfoliated onto a glass slide. The SnSe; sample
was prepared using Scotch tape transfer technique, where we exfoliated SnSe; in bulk form onto
a glass slide with a Poly-dimethylsiloxane (PDMS) layer. A suitable flake with a varying number
of layers is identified using an optical microscope and transferred onto a glass substrate. The
varying layer thickness is verified using color contrast in the optical microscopy images and
the thickness maps obtained using AFM images, as shown in Figs. 2(a) and 2(b) respectively.
Figures 2(c) and 2(d) shows the forward and backward THG images respectively for an incident
power level of 5.5 milli-watt, with the colorbar scale denoting the THG signal as a PMT voltage.
With the excitation beam focused on the SnSe; flake, the background THG signal from the
glass/silicon substrate is found to be 1000 times weaker than SnSe,, thus resulting in negligible
interference between the nonlinear signal generated in the SnSe; layer and the bottom substrate.
The forward and backward THG images visually show intricate thickness dependence. However,
the two images show very different contrast and hence thickness dependence. This effect is
analyzed in detail using nonlinear coupled-wave equation model in section III below. Thickness
dependence of THG emission has been observed previously in ReS; [21] and black phosphorus
[23], however THG measurements were performed only in the backward emission direction and
no comparison with the forward THG emission were studied.
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Fig. 2. (a) Optical microscopy image, (b) AFM image, (c) forward THG image and, (d)
backward THG image for the SnSe; layer on a glass slide. Scale bar shown in the images is
5 um.

The nonlinear signal collected from the SnSe, flake is verified to be third-harmonic by
measuring the power dependence of the output THG signal as a function of incident fundamental
power. The log-log plot of this power dependence shown in Fig. 3(a) with a slope of 3.08,
confirming the THG process. Next, polarization studies were performed on ~ 30 nm region of
the flake by rotating the incident polarization of the fundamental using a half-wave plate while
keeping the analyzer before the PMT either aligned parallel (denoted H) or perpendicular (denoted
V) to the lab co-ordinates, as shown in Fig. 1(c). The polar plot representing the THG signal
as a function of the fundamental polarization angle for the two different analyzer orientations
is shown in Fig. 3(b). Considering the space group of SnSe,, the non-zero third-order optical
susceptibility elements are: XXXX = yyyy = XXyy + XyyX + Xyxy, with XXyy = yyXX, XyyX = yXxy,
xyxy = yxyx [38]. The z- dependent components are neglected in the above listing as longitudinal
polarized field components are negligible at the fundamental and third harmonic wavelengths.
The nonlinear polarization of interest as a function of incident fundamental field, E(w) for the
two different analyzer orientations are obtained as:

PY(Gw) = exSE}(w). Cos(9) (1)
Py (Bw) = €xnE (). Sin(6) 2)

The THG signal which is proportional to the absolute value squared of the nonlinear polarization
follows sinusoidal dependence (orange and black solid curves) and shows good agreement with
experimental data (red and green circles), as shown in Fig. 3(b). The sum of the two polarized
THG data shows close to circular symmetry (light blue circles). The polarization study shows
that for the thickness under consideration the SnSe, flake exhibits nonlinear properties similar to
bulk SnSe;.

The THG signal obtained from SnSe; region for thickness in the range of 20-50 nm is compared
with a 500um thick BK7 glass substrate for an incident average power level of 2.6 milli-watt.
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Fig. 3. (a) Power dependence of the THG signal measured as PMT voltage as a function
of input incident average power level. (b) Polarization dependent THG measurements
for analyzer before the PMT oriented in the horizontal (orange) and vertical (dark green)
directions and sum of the two (blue). The solid curves denote the fit to the experimental
data. (c) Comparison of the THG signal (left axis — blue color) and third-order nonlinear
optical susceptibility, (right axis — orange color) between SnSe; flake and glass substrate.

For the case of the glass substrate, the maximum THG signal is obtained when the glass-air
interface overlaps with the beam waist, as has been observed in previous THG experiments on
samples with axial interfaces [39—41 ]. This results in the THG interaction length corresponding
to approximately a Rayleigh length (z, = 1.1 pm). The comparison of the THG signal strength is
shown in Fig. 3(c) with SnSe, layer generating on an average 1760 times stronger THG than the
glass substrate. The relative magnitudes of the THG signal are used to extract the third-order
nonlinear optical susceptibility of SnSe, using the nonlinear coupled-wave propagation model,
as discussed below.

3. Nonlinear coupled-wave propagation model

To extract the nonlinear optical susceptibility and to understand the observed thickness dependence
of THG, we model the THG generation in the SnSe, layer using nonlinear coupled-wave analysis.
At the incident fundamental wavelength, the field profile inside the SnSe; layer in the presence of
reflection from the SnSe, and glass/ air interface is given as:

—ik ik (2di~
tas(e™M1% 4 pygehGi=2)y

E]S(OJ, Z) = E]g (3)

1+ rgsrsge=2hidh

where, E| denotes the forward propagating incident fundamental field in air, as shown in the
schematic of Fig. 4, with the terms e~17 and €17 in the numerator representing the forward
and backward propagating fundamental fields respectively, with fundamental wavevector, k.
The incident peak optical intensity can be written as: I} = 2cepn; |EI’a|2. The terms 1;; and
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tj correspond to the field reflection and transmission coefficient at the air-SnSe; (ij = as) and
SnSe;-glass (ij = sg) interface. The refractive index (n) and extinction coeflicient (k) used in
this analysis are taken from [27] with values of (n,«) given as: (3.22,0) and (3.43,1.46) for the
fundamental and THG wavelengths respectively. The reflection from glass substrate/ air interface
is ignored here as the refractive index difference is small to cause significant feedback. The third
order nonlinear polarization at the third-harmonic wavelength which acts as the driving force to
generate the THG field in the sample is given as:

PYGw,z) = exVE (w,2) =

3
t » » . . » » .
60)((3) as ' 3E-1+—2 (e itk13z + r?ge tk16dletk|3z + 37}36 lk|2d]€ ikiz + 3”35,6 tk14d, ezklz)
(1 + rasrxge_lkldl)
4)

The third order nonlinear polarization shown above is expanded into four terms which include
the THG emission arising from: (i) three forward propagating fundamental photons, (ii) three
backward propagating fundamental photons, (iii) two forward and one backward propagating
fundamental photons, and (iv) one forward and two backward propagating fundamental photons
respectively. A direct consequence of the Fabry-Perot interference effects is the creation of new
wave-mixing terms (last two terms) that result in THG emission [40]. This is to be contrasted
with conventional THG without the interference effect which considers only the first two terms
[38].
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Fig. 4. Schematic of the SnSe;, flake on glass substrate showing the incident electric
fields (denoted with subscript 1) and generated THG fields (denoted with subscript 3) in
each region. Thickness of the SnSe; flake and glass substrate are denoted as d; and dgjass
respectively.

The third harmonic field generated can be expanded as: E3;(3w,z) = A;Se‘”‘ﬂ + Agse”‘“,
denoting the forward and backward propagating THG respectively inside the SnSe, layer with
wavevector, k3. The time-dependent phase term, €397 is not explicitly written above. The
coupled-wave equations representing the nonlinear wave propagation used to model the backward
and forward propagating THG along the layered material can be written as [38]:

- 2

dAs . w
ik —=™3* = -3 pO)(30, 7) 5)
dz €c?
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—2 et = - 2 PP 30,2 (6)
dz €c?

dA
—2ik;

The coupled-wave equations are solved numerically to obtain the THG field amplitude of the
form: A] = A;fe‘”@Z and X; = A;e"kﬂ, representing the forward and backward propagating THG
including the effect of phase accumulation and attenuation at the THG wavelength along the
propagation direction. The forward and backward propagating field amplitudes at the exit of
the SnSe; and glass/ air interface under the influence of Fabry-Perot interference for the third
harmonic wavelength are given as:

AT (d) + 1 Az (0) et

+ o
E3g (dl) = tsg 1 + rzlsrégefZik}d] (7)
) A5 (0) + AT (dy)e
E3a(0) =1y (8)

1+ rjgrige~2kdi

r’;j and t';; represent the field reflection and transmission coefficients at the THG wavelength, with
subscripts g and s on the left-hand side denoting the field amplitude in the glass and air region
respectively after transmitting through the SnSe, layer. The first term in the numerators above
represent the solutions to the nonlinear wave propagation differential equations representing
the forward and backward THG emission respectively. The second term refers to the reflected
backward and forward THG signal at the SnSe,/air and SnSe,/glass interfaces respectively. The
peak intensity at the THG wavelength as a function of the field amplitudes is obtained as:

I3 = 2cems | E3 (dy)*. I; = 2ceon3|E5, (0)) 9)

The average optical power is related to the peak optical intensity for pulsed excitation, assuming
gaussian incident field profile as follows [21]:

. T\ T w2
Py _R(ln2) 2m(2) I (10)
where the subscript k refers to 1 or 3, the fundamental or third-harmonic respectively. The factor
m =1 or 34/3 for the fundamental and third-harmonic respectively, representing the reduction in
the spatial and temporal profile of the third-harmonic due to cubic dependence on the fundamental
field. R=80MHz, 7 =200 fsec and w = 1.2 um denotes the incident pulse repetition rate, pulse
width and full-width half maximum of the gaussian beam profile respectively.

The third-order nonlinear optical susceptibility of SnSe, is back-calculated from the coupled-
wave equation model and the comparative measurements of THG signals from SnSe; and glass
substrate over their respective interaction lengths (refer to section II). For the glass substrate,
Fabry-Perot interference effects are not considered due to the small refractive index difference
between glass and the surrounding medium and the fact that the divergence of the incident beam
is significant across the thickness of the substrate. With the knowledge of the value of y©
for glass substrate of 2.8 x 1072> m?/V? [38] and the incident optical power level, the value of
xPfor SnSe; is estimated as 4.14 +/- 0.63x107'° m?/V2. The thickness dependence of the
nonlinear susceptibility is within the standard deviation shown above. We also extracted the
nonlinear optical susceptibility for the hypothetical case of no Fabry-Perot interference effects
in the simulations and obtain the susceptibility as 1.12 +/- 0.86 x 10~'® m?/V2. This shows
that ignoring Fabry-Perot interference effects in the SnSe, layer leads to an over-estimation of
the nonlinear optical susceptibility as the large THG signal is attributed to a larger nonlinear
susceptibility rather than field enhancement in the sample due to interference effects. Figure
3(b) shows a comparison of the extracted nonlinear optical susceptibility for SnSe; and glass.



Research Article Vol. 27, No. 20/30 September 2019/ Optics Express 28862

Optics EXPRESS SN N

SnSe; layered material is found to exhibit a third order nonlinear optical susceptibility of ~1500
times larger than glass. A comparison of the above extracted nonlinear optical susceptibility with
the values for other layered materials is summarized in Table 1. The comparison shows that
the nonlinear optical response of SnSe; is of the same order of magnitude as other popular 2D
materials, such as TMDCs and h-BN.

Table 1. Comparison of nonlinear optical susceptibility of various layered material

Layered Materials )((3) (m2/V?) No. of Layers Excitation Wavelength(nm) References
Graphene 1.5x1071° Monolayer 1560 18

MoS, 2.9%x1071 Monolayer 1560 18

WSe, 1.16x10719 Few layer 1546 19

ReS, 5.3x10718 Multilayer 1515 21

Black

Phosphorus 1.4x1071° Multilayer 1557 23

SnS, 3.1x10719 Multilayer 1550 22

SnSe; 4.14x10719 Multilayer 1550 This work

Figure 5 shows the solution to the nonlinear coupled-wave equations model both in the form
of simulated THG images and plots comparing the simulations with experimental data. The
simulated forward and backward images shown in Figs. 5(a) and 5(c) respectively are obtained
by converting the AFM thickness map to THG signal using the above-described model. The
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Fig. 5. Simulated images of: (a) forward THG, (c) backward THG and comparison of the
experimental and simulated THG data for: (b) forward THG, and (d) backward THG. Blue
solid circles denote the experimental data and the orange solid curve denotes the simulation
results. Scale bar shown in the images is 5 pm.
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experimental data (blue circles) is compared with the simulated plots (red solid curves) in
Figs. 5(b) and 5(d) for the forward and backward THG respectively with the simulation results
normalized by the backward THG peak. There is good agreement between the experimental PMT
voltage and the normalized simulation results. Both forward and backward THG signals are found
to exhibit a peak at a nominal layer thickness of 25-30 nm followed by a decrease, and a subsequent
increase for thickness > 100 nm. The characteristic shape of the thickness dependent THG for
both forward and backward emission arises due to Fabry-Perot interference effect and material
absorption at the THG wavelength. This effect is found to be more significant when compared
to the typical oscillatory behavior expected for the nonlinear signal with length due to phase
mismatch, with coherence length calculated as ~ 38 nm and 1.23 pm for backward and forward
THG respectively [38]. The simulation results of the forward and backward THG emission
clearly shows the importance of linear optical effects in particular, Fabry-Perot interference in
explaining the observed thickness dependence. Moreover, the backward THG is found to be
more sensitive to thickness variation than the forward THG resulting in enhanced image contrast
for lower thicknesses, as has been observed in the experimental THG images of Figs. 2(c) and
2(d) and supported by the simulations. This is attributed to the large variation in backward THG
for small changes in thickness due to larger phase mismatch, as shown in Figs. 5(d). The relative
increase in THG signal with increasing layer thickness is however more pronounced for forward
THG when compared to backward THG due to lower phase mismatch for forward generated
THG. In this analysis, we have not performed quantitative comparisons between the forward and
backward THG signals as the two PMTs used are of different specifications and the path loss for
the forward and backward collection are also very different.

In the theoretical model, we ignore any depletion or saturable absorption effects experienced
by the fundamental excitation beam. This is justified for the film thickness under consideration
in this work (10—-200 nm) and weak conversion efficiency (on the order of 107%). For higher
thicknesses or conversion efficiencies, the pump depletion effect would have been be included
in the coupled-wave equation model, as has been experimentally observed in nonlinear optical
studies in millimeter thick Zinc Selenide samples [42]. It should be emphasized the nonlinear
wave propagation model considered above assumes slowly varying amplitude approximation
(SVAA) which is valid for amplitude variations much smaller than the wavelength in the medium
[38,43], which is questionable for 2D layered materials of thickness as considered in this work
in the presence of strong interference effects. The simulations with SVAA show good overall
agreement with the experimental data in Figs. 2(c) and 2(d), thus justifying the use of SVAA
here. Modeling the nonlinear wave propagation in 2D layered materials beyond SVAA will
be considered in a future report. The nonlinear wave propagation model described above
also ignores the role of Guoy phase shift of focused gaussian excitation beam. Guoy phase
shift has been considered previously in the context of THG microscopy to explain selective
longitudinal interfacial contrast [44]. However, when considering tens of nanometer layered
material, the inverse tangential variation of the Guoy phase shift [45] can be approximated as a

linear dependence: Tan™' (Zi) ~ = < kz, where 7, is the Rayleigh length. Thus, the effect of

the Guoy phase shift on the phase mismatch can be ignored for the range of layer thickness under
considered here.

4. Conclusions

In conclusion, 2D layered SnSe; is a promising candidate for realizing ultrathin nonlinear photonic
device for wave-mixing application. This is supported by the large measured nonlinear optical
susceptibility, y =4.14x107"° m?/V2, which is found to be ~ 1500 times larger than glass. The
THG emission from SnSe; is found to exhibits intricate thickness dependence in both forward and
backward THG microscopy images, with very different image contrast. This is explained using a
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nonlinear wave propagation model in the presence of material absorption at the THG wavelength
and Fabry-Perot interference effects at the fundamental and THG wavelengths due to the refractive
index difference between the layered material and the surrounding medium. This study clearly
points to the interplay between linear and nonlinear optical effects occurring in layered materials
strongly influencing the overall nonlinear optical response and its layer dependence. Even though
monolayer 2D materials are interesting for the study of basic nonlinear optical physics, multi-layer
materials are promising for practical nonlinear optical device applications, especially in the
context of third-order nonlinear optical processes. The present study can potentially be used
in this context in determining optimal multi-layer 2D material thickness for realizing efficient
nonlinear photonic devices in the presence of realistic linear optical effects. Such nonlinear
photonic devices can potentially be designed as standalone layers on a substrate as presented
here or as heterostructure in the presence of other 2D materials [36] and resonant nanophotonic
structures [46] or waveguides to achieve longer interaction lengths [47].
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